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Measuring nucleon-nucleon Short Range Correlations (SRC) has been a goal of the nuclear physics
community for many years. They are an important part of the nuclear wavefunction, accounting for
2almost all of the high-momentum strength. They are closely related to the EMC effect. While their
overall probability has been measured, measuring their momentum distributions is more difficult. In
order to determine the best configuration for studying SRC momentum distributions, we measured
the 3He(e, e′pp)n reaction, looking at events with high momentum protons (pp > 0.35 GeV/c) and
a low momentum neutron (pn < 0.2 GeV/c). We examined two angular configurations: either
both protons emitted forward or one proton emitted forward and one backward (with respect to
the momentum transfer, ~q). The measured relative momentum distribution of the events with
one forward and one backward proton was much closer to the calculated initial-state pp relative
momentum distribution, indicating that this is the preferred configuration for measuring SRC.
PACS numbers: 21.45.-v 25.30.Dh
Early models of the nucleus described its structure
in terms of individual nucleons moving independently of
each other in a mean field. However, this only describes
about 70% of the nucleus. The missing 30% is presum-
ably due to nucleons in short and long range correlations
[1].
Nucleon-nucleon (NN) Short Range Correlations
(SRC) are a very important part of the nuclear wave
function. The two nucleons in an SRC are at compar-
atively short distances and thus higher densities than
mean field nucleons. These SRC nucleons account for
almost all of the high momentum (p > pfermi ≈ 0.25
GeV/c) nucleons and most of the kinetic energy in the
nucleus. Nucleons have a probability of between ≈ 5%
(deuterium) and ≈ 25% (A ≥ 56) of belonging to an SRC
pair [2–4].
SRC can affect the rate of neutron star cooling [5].
In the direct Urca process (p → n + e+ + ν and n →
p+ e−+ ν¯), nucleons in the neutron star beta-decay and
the neutrino carries energy away. However, the decay
nucleon is frequently at a momentum below the Fermi-
surface and then the process is Pauli-blocked. In the
modified Urca process, a second nucleon is involved so
that the decay products are no longer below the Fermi-
surface and the process is not Pauli-blocked. SRC, by
moving nucleons from below to above the Fermi-surface
and opening holes in the Fermi-sphere, can also allow
Urca-process cooling to occur.
In addition, it was recently found that the probabil-
ity of a nucleon belonging to an SRC in nucleus A is
remarkably closely correlated with the strength of the
EMC effect as measured in lepton Deep Inelastic Scat-
tering (DIS) in that nucleus [6]. The EMC effect is the
decrease in the per-nucleon cross section of nucleus A
relative to deuterium. This effect cannot be explained
without including some modification of the nucleons in
the nucleus [7]. The correlation indicates that SRC and
the EMC effect stem from the same underlying cause
and that nucleon modification in the nucleus is related
to SRC.
The relative probabilities of finding nucleons belonging
to SRC have been measured by inclusive (e, e′) experi-
ments. They measured the per-nucleon cross section ra-
tio of nucleus A to deuterium [4, 8] or 3He [2, 3] at fixed
four-momentum transfer Q2 (Q2 = −qµq
µ = ~q 2 − ν2,
ν is the energy transfer, and ~q is the three-momentum
transfer) as a function of x = Q2/2mν where m is the
nucleon mass. There is a plateau in the cross section ra-
tio for Q2 > 1.5 GeV2 ranging from about 1.5 < x < 2.
Under certain reasonable assumptions (see references for
details), the minimum initial struck-nucleon momentum
is a function of only x and Q2. The existence of this
plateau indicates that nucleons have the same momen-
tum distribution in different nuclei for momenta greater
than some threshold. The location of the onset of the
plateau in x and Q2 indicates that this threshold is
pthresh = 0.275±0.025 GeV/c. The height of the plateau
(the magnitude of the per-nucleon cross section ratio)
corresponds to the relative probability of finding nucle-
ons in the two nuclei for p > 0.275 GeV/c.
Since the different nuclei (2 ≤ A ≤ 197) have very dif-
ferent characteristics (density, radius, etc.), this similar
momentum distribution at high momentum cannot be
due to the A−1 other nucleons and thus can only be due
to the presence of a single adjacent nucleon, i.e., due to
NN SRC. Thus the value of the per-nucleon cross section
ratio in the plateau region equals the relative probabil-
ity that nucleons in the two nuclei belong to short range
correlations.
It is more difficult to measure the relative and total mo-
mentum distributions of the correlated nucleons. Mea-
surements of the 3He(e, e′pp)n reaction studied events
where the virtual photon is absorbed by the third nu-
cleon and the other two nucleons belong to a specta-
tor correlated pair which disintegrates in the absence of
the third nucleon [9, 10]. The relative and total final
state momenta, prel and ptot, of the other two nucleons
then should correspond to those quantities in the initial
state. This measurement is complicated by the strong
continuum-state interaction between those two nucleons
in the final state. This technique also does not apply to
nuclei heavier than 3He.
Efforts to measure the momentum distributions of cor-
related NN pairs in heavier nuclei focus on knocking out
a high-initial-momentum nucleon (usually a proton) and
detecting its correlated partner. This can be done with
either proton [11, 12] or electron [13, 14] probes. How-
ever, the interpretation of these experiments can be com-
plicated by the final state interaction of the knocked-out
proton, as well as from the effects of two-body currents
3such as meson exchange currents and isobar configura-
tions (e.g., ∆(1232) production followed by de-excitation
and absorption of the decay pion on another nucleon).
There are two general kinematic configurations for
these measurements. The partner nucleon can be de-
tected in the forward hemisphere relative to the mo-
mentum transfer ~q or in the backward hemisphere. If
the partner nucleon is detected in the forward hemi-
sphere, then the magnitude of the momentum of the
struck nucleon will be less than the magnitude of the
three-momentum transfer, |~ps | < |~q |. Compared to a
nucleon of final momentum ~q, the kinetic energy of the
struck nucleon will be smaller and the energy transfer,
ν, will also be smaller so that x > 1. If the partner nu-
cleon is detected in the backward hemisphere, then the
magnitude of the momentum of the struck nucleon will
be greater than the magnitude of the three-momentum
transfer, |~ps | > |~q |. In this case, the kinetic energy of
the struck nucleon and hence the energy transfer will be
greater so that x < 1.
Ref. [13] argues that the forward kinematics with
smaller ν and x > 1 is preferred. They argue that these
conditions, on the low-energy-transfer side of the (e, e′)
quasielastic peak, are farther from the region where me-
son exchange currents and ∆-production can contribute.
Therefore, cross sections measured at forward kinemat-
ics should be more sensitive to the short-range nucleon-
nucleon correlations, i.e., to the initial state momentum
distribution.
On the contrary, Ref. [15] argues that the configura-
tion where one proton is emitted backward is preferred.
They argue that it is very difficult for Final State Interac-
tions (FSI) to produce backward nucleons and therefore
cross sections measured at backward kinematics will be
more sensitive to the nuclear initial state. This argument
is supported by d(e, e′p) measurements [16] where cross
sections measured at backward proton angles agreed well
with calculations that did not include FSI.
The present paper reports measurements of two proton
knockout from 3He in both forward, x > 1, and back-
ward, x < 1, kinematics in order to compare the mea-
sured relative momentum distributions and to determine
which kinematic configuration is more sensitive to the
initial state momentum distribution.
We measured the 3He(e, e′pp)n reaction at the Thomas
Jefferson National Accelerator Facility (Jefferson Lab) in
2002 using a 100% duty factor, 5–10 nA beam of 4.7 GeV
electrons incident on a 5-cm liquid 3He or H2 target. We
detected the outgoing charged particles in the CEBAF
Large Acceptance Spectrometer (CLAS) [17].
CLAS uses a toroidal magnetic field (with in-bending
electrons) and six independent sets of drift chambers,
time-of-flight scintillation counters and electro-magnetic
calorimeters (EC) for charged particle identification and
trajectory reconstruction. The polar angular acceptance
is 8◦ < θ < 140◦ and the azimuthal angular acceptance is
50% at smaller polar angles, increasing to 80% at larger
polar angles. The EC was used for the electron trigger
with a threshold of approximately 0.9 GeV.
We eliminated the effects of interactions in the target
walls by requiring particles to come from the central 4-cm
of the target. We identified electrons using the energy de-
posited in the EC, and protons using time-of-flight. The
H(e, e′p) cross section was measured and compared to a
parametrization of the world’s cross section data [18] to
determine our electron and proton detection efficiencies
[19].
Regions of non-uniform detector response were ex-
cluded by software cuts, while acceptance and tracking ef-
ficiencies were estimated using GSIM, the CLAS GEANT
Monte-Carlo simulation [20]. Momentum coverage ex-
tended down to 0.35 GeV/c for protons.
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FIG. 1: Missing mass for 3He(e, e′pp)X for missing momen-
tum pX < 0.2 GeV/c. The dashed vertical line indicates the
neutron missing mass cut of MX < 1.05 GeV/c
2.
We identified the neutron using a missing mass cut to
select 3He(e, e′pp)n events (see Fig. 1). We required that
each neutron had momentum pn ≤ 0.2 GeV/c in order to
focus on pp pairs with small total momentum. (Events
with pn ≥ 0.25 GeV/c are discussed in Ref. [10].) Fig. 2
shows that the experiment covered a wide range of energy
and momentum transfers. For 3He(e, e′pp)n events, the
momentum transfer Q2 peaks at around 1.5 GeV2. The
energy transfer ν is concentrated slightly above but close
to quasielastic kinematics (ν ≈ Q2/2mp or x ≈ 1).
Since the two protons shared the energy and momen-
tum transfer of the reaction, we looked at the opening
angle of the two protons (see Fig. 3a). The distribution
peaks at an opening angle of about 80◦, characteristic
of final state rescattering. (Nonrelativistically and clas-
sically, if one proton hits a second proton at rest, then
the opening angle in the final state will be exactly 90◦.)
A one-body cross section calculation by Laget (described
in detail below) integrated over the experimental accep-
tance does not show this rescattering peak, indicating
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FIG. 2: The square of the four-momentum transfer, Q2,
versus the energy transfer ν for 3He(e, e′pp)n events with pn ≤
0.2 GeV/c. The points show the data, the straight line shows
quasielastic kinematics where x = Q2/2mν = 1. The lower
limit at Q2 ≈ 1 GeV2 is due to the CLAS acceptance.
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FIG. 3: a) The number of counts as a function of opening an-
gle between the two protons in the lab frame for 3He(e, e′pp)n
events for pn < 0.2 GeV/c for data (solid histogram) and
the one-body calculation of Laget integrated over the experi-
mental acceptance with arbitrary normalization (dashed his-
togram). b) The number of counts as a function of the two
proton-momentum transfer angles, θp1q and θp2q.
that it is not an artifact of the experimental acceptance.
A two-dimensional plot of the opening angle between
each proton and the momentum transfer, ~q, (see Fig. 3b)
shows peaks where one proton is at an angle of 70◦ with
respect to ~q and the other proton is at about 15 − 20◦.
These peaks are indicative of small angle rescattering,
where one proton absorbs the virtual photon and scatters
from the second proton in the final state. The first proton
is slightly deflected from its original direction and the
second proton is scattered at about 70◦.
In order to study the contribution of different reac-
tion mechanisms in different experimental configurations,
FIG. 4: (color online) The relevant graphs in the diagram-
matic calculation of the 3He(e, e′pp)n reaction [21–24] includ-
ing one-body, two-body, and three body mechanisms. The
graph corresponding to Final State Interactions (as the term
is used in this paper) is the middle graph on the left side.
we compared our data with the diagrammatic calcula-
tion of Laget. This calculates the differential cross sec-
tion from the square of the coherent sum of the ampli-
tudes associated with the diagrams in Fig. 4: the one-
body, the two-body Final State Interactions or Meson
Exchange Currents (MEC) and the three-body mecha-
nisms. The antisymmetric bound state wave function is
the solution [25] of the Faddeev equations for the Paris
potential [26]. The continuum is approximated by the
combination of the plane wave amplitudes and half off
shell amplitudes where two nucleons scatter, the third
being spectator. The antisymmetry of the final state is
achieved by interchanging the role of the three nucleons.
Two body MEC are computed as described in [23], while
three body mechanisms are implemented as in [22].
Note that the one-body cross section is proportional
to the initial state momentum distribution. This will be
useful in helping us identify kinematic regions where the
cross section is sensitive to the initial state.
The theoretical cross sections are then integrated by
a Monte Carlo sampling of the phase space within the
fiducial acceptance of CLAS and then binned in the same
way as the experimental data.
At low energy, the application of the model to our
channel, the electrodisintegration of a pp pair at rest,
has been described in [21]. It has been adapted to higher
energy according to [24]. The nucleon s-wave scatter-
ing has been supplemented by a high energy diffractive
scattering amplitude that fits the experimental NN
5section. It uses a fully relativistic nucleon current with
the latest experimental values of the nucleon form fac-
tors. It describes well the two body [27] and three body
[28] break up of 3He recently studied at Jefferson Lab in
the same energy and momentum range.
The rescattering peak, near 70◦ in Fig. 3b, is more
prominent than in the 2H(e, e′p)n reaction [29] under
similar kinematics. The reason is that a pp pair at rest
is almost entirely in a relative s-wave which has a node
around 400 MeV/c: consequently the one-body contri-
bution is strongly suppressed. Also, unlike in the pn
channel [29], the contribution of the ∆N intermediate
state to the pp channel is very small. The reason is that
a pp pair has no dipole moment for the virtual photon to
couple to. If a virtual photon is absorbed on a pp pair
at rest, it would create a ∆N system in a 1+ state which
cannot then decay into a pp system (see e.g., Ref. [21]).
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FIG. 5: 3He(e, e′pp)n events with pn < 0.2 GeV/c and
0.4 ≤ pslowp ≤ 0.6 GeV/c (where p
slow
p is the smaller of the
two proton momenta): a) The number of counts plotted ver-
sus cos θnq, the angle between the neutron momentum and
~q. The points show the data, the dotted curve shows Laget’s
one-body calculation, the dashed curve includes final state
interactions, and the solid curve shows the full calculation in-
cluding FSI and meson exchange currents [21–24]. For ease of
comparison of the angular distributions, the theoretical cal-
culations are all multiplied by the same arbitrary factor to
approximately scale the full calculation to the data. The data
and the calculations are all approximately isotropic. b) The
number of counts plotted as a function of the four-momentum
transfer squared and the energy transfer (Q2 and ν). The
points show the data, the straight line shows quasielastic kine-
matics where x = Q2/2mν = 1.
In order to test the hypothesis that most of the
3He(e, e′pp)n events are dominated by final state rescat-
tering and to validate the calculation, we looked at the
distribution of events with 0.4 to 0.6 GeV/c protons.
These protons will always be the slower of the two pro-
tons in the reaction. This momentum range was selected
to maximize the expected effects of final state interac-
tions.
If these events are dominated by proton knockout fol-
lowed by pp rescattering, then the neutron should be
spectator to the reaction and its angular distribution
with respect to the momentum transfer ~q should be
isotropic (see Fig. 5a). This agrees with the calcula-
tion both without and with FSI. The inclusion of FSI
increases the magnitude of the calculation by more than
an order of magnitude and the inclusion of Meson Ex-
change Currents (MEC) changes it by only another 20%.
The momentum and energy transfer distribution for
these events is shown in Fig. 5b. The energy and momen-
tum transfers are centered around x = 1, as expected for
quasielastic knockout with or without subsequent rescat-
tering.
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FIG. 6: The laboratory-frame cross section for 3He(e, e′pp)n
events with pn < 0.2 GeV/c and 0.4 ≤ p
slow
p ≤ 0.6 plotted
versus θpq, the opening angle between the proton momentum,
~p slowp , and the momentum transfer ~q. The points show the
data, the dotted curve shows Laget’s one-body calculation,
the dashed curve includes final state interactions, and the
solid curve shows the full calculation including FSI and meson
exchange currents [21–24]. No scale factors have been applied
to the calculations. Systematic uncertainties of 15% are not
shown.
Fig. 6 shows the cross section as a function of the angle
between the slower proton (0.4 ≤ pslowp ≤ 0.6 GeV/c) and
~q. The cross sections are corrected for radiative effects
and tracking efficiency and then integrated over the ex-
perimental acceptance [19]. The systematic uncertainty
is 15%, primarily due to the uncertainty in the low mo-
mentum proton detection efficiency. The data distribu-
tion has a prominent peak at around 70◦. The calcula-
tion including the effects of FSI agrees qualitatively with
the data, peaking at around θpq ≈ 70
◦ at a cross section
more than ten times larger than that of the one-body
calculation. This shows that the prominent peaks seen
at θpq ≈ 70
◦ in Fig. 3b are due to FSI. Note that the
6model only takes into account the dominant diffractive
scalar part of the pp scattering amplitude, and the inclu-
sion of the full experimental amplitude (from the SAID
data base for instance) may likely improve the agreement
between data and model.
The comparison between data and calculation for 0.4 ≤
pslowp ≤ 0.6 GeV/c shows that the cross section is domi-
nated by FSI and that the calculation qualitatively agrees
with the data.
The next step in the analysis was to try to iden-
tify kinematic configurations that are sensitive to high-
momentum components of the momentum distribution
and which are not significantly affected by FSI. (MEC are
suppressed for pp knockout because the virtual photon
does not couple strongly to neutral pions.) To do that we
looked at events where one proton is emitted backward
with respect to the momentum transfer, θpq ≥ 100
◦, as
shown by the dashed lines in Fig. 3b. Because it is diffi-
cult for FSI to produce backward-going nucleons, many
theorists expect that this kinematics will be the most
sensitive to the nuclear initial state [15].
We also looked at events where both protons are emit-
ted forward. This kinematics was chosen because it cor-
responds to x > 1, on the low energy-loss side of the
quasielastic peak, where there are smaller contributions
to the (e, e′) cross section from meson exchange currents
and delta isobar currents. Several short range correla-
tions experiments [13, 30] have chosen to measure cross
sections at x > 1. However, when both protons are emit-
ted forward they have smaller relative momentum in the
final state and hence will have larger final state interac-
tions. This increased FSI will complicate the interpreta-
tion of the data.
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FIG. 7: The square of the four-momentum transfer, Q2,
versus the energy transfer ν for 3He(e, e′pp)n events with pn ≤
0.2 GeV/c; a) with two forward protons. Both protons are
within 35◦ of the momentum transfer, θp1q and θp2q ≤ 35
◦;
and b) with one forward and one backward proton such that
θpq ≥ 100
◦. The points show the data, the straight line shows
quasielastic kinematics where x = Q2/2mν = 1.
Fig. 7 shows the momentum- and energy-transfer dis-
tributions for the two-forward-proton (“forward”) and
the backward-proton (“backward”) kinematics. As ex-
pected, the forward kinematics is at lower energy loss
and x > 1 and the backward kinematics is at higher en-
ergy loss and x < 1. The neutron angular distributions
for the two kinematics are shown in Fig. 8. These neu-
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FIG. 8: The angular distribution of pn ≤ 0.2 GeV/c neutrons
with respect to the momentum transfer ~q, for 3He(e, e′pp)n
events a) with two forward protons, θp1q , θp2q ≤ 35
◦, and b)
with one backward proton θpq ≥ 100
◦. The points show the
data, the histograms are the same as in Fig. 6. For ease of
comparison of the angular distributions, the calculations have
been separately normalized for the two plots so that the full
calculation (solid line) is approximately equal to the data.
tron distributions are not as isotropic as for the events
with moderate momentum protons (see Fig. 5b). This is
due to the initial state momentum distribution, since it is
also seen in the angular distribution of Laget’s one-body
calculation.
For both forward and backward kinematics we calcu-
lated the “q-subtracted” relative momentum,
prel =
1
2
|~p1 − ~q − ~p2 | .
For the forward kinematics, we chose proton 1 such that
p1 > p2. For the backward kinematics we chose proton
1 to be the forward proton. In the one-body limit (i.e.,
in the absence of FSI, MEC and IC), the “q-subtracted”
relative momentum equals the relative momentum of the
two protons in the initial state.
The measured relative momentum distributions for the
forward and backward kinematics (see Fig. 9) are very
different. The forward proton prel distribution peaks
at significantly higher momentum and is much broader
than the backward proton distribution. This strongly
indicates that at least one of the two distributions is
not sensitive to the initial state momentum distribution.
The minimum detected proton momentum of pp > 0.35
GeV/c restricts the minimum measurable relative mo-
mentum.
Calculations by Laget indicate that the forward pro-
ton kinematics is much more sensitive to FSI. FSI only
affects the backward kinematics at prel ≈ 0.4 GeV/c by
filling in the minimum of the pp momentum distribution.
However, FSI increases the cross section by a factor of at
least three in forward kinematics for all relative momenta
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FIG. 9: The 3He(e, e′pp)n laboratory-frame cross section plot-
ted versus the “q-subtracted” relative momentum, prel =
|~p1 − ~q − ~p2 |/2, for events with a) both protons forward,
θp1q , θp2q ≤ 35
◦ and b) one proton backward, θp2q ≥ 100
◦.
The points show the data, the dotted line shows the one-
body calculation, the dashed line shows the one-body + FSI
calculation, and the solid line shows the full calculation in-
cluding FSI and MEC. No scale factors have been applied to
the calculations.
greater than 0.4 GeV/c. This is not surprising, since the
final state relative momentum, pfrel = |~p1 − ~p2|/2, is sig-
nificantly smaller for the forward kinematics, leading to
a larger final state interaction.
The Laget calculation agrees qualitatively with the
data for prel > 0.4 GeV/c in both kinematics. In the
forward kinematics the full cross section is several times
larger than the one-body cross section at prel > 0.4
GeV/c, indicating that the cross section is dominated by
the effects of FSI (see Fig. 9a). Note that pp rescattering
in the final state (FSI) redistributes strength from lower
to higher relative momenta. Thus, the calculated cross
section at large relative momenta depends on the initial
state momentum distribution at much smaller momenta
and on the details of the pp rescattering model.
The full calculation underestimates the forward proton
cross section for 0.4 < prel < 0.7 GeV/c. Because the
cross section in this region is dominated by FSI, this un-
derestimate indicates the need to include the full rescat-
tering amplitude (including spin-dependent parts) and
not just its dominant diffractive (scalar) part.
In the backward kinematics (Fig. 9b) Laget’s calcula-
tion overestimates the backward proton cross sections for
prel > 0.6 GeV/c. The full calculation is very close to
the one-body calculation in this region, indicating that
FSI effects are small and that the cross section is domi-
nated by the initial state momentum distribution. Thus
this overestimate indicates that the wave function used
(a Faddeev solution of the Paris potential) contains too
much high-momentum strength. Disagreement at these
large momenta is not surprising, because NN potential
models (and hence calculated initial state momentum dis-
tributions) are poorly constrained by elastic scattering
data for prel > 0.35 GeV/c, where inelastic channels open
up.
Using a different nuclear wave function with a differ-
ent initial state momentum distribution could increase
agreement between data and calculation at the backward
kinematics without decreasing agreement at the forward
kinematics. The forward kinematics cross section is dom-
inated by FSI, that is by pp rescattering which redis-
tributes strength from lower to higher relative momenta.
Therefore decreasing the strength of the initial state mo-
mentum distribution at prel > 0.6 GeV/c would not sig-
nificantly change the calculated cross sections at forward
kinematics and therefore would not affect the agreement
between data and calculation for the forward kinematics
at prel > 0.6 GeV/c.
In summary, the large kinematics coverage of CLAS al-
lowed us to identify the important reaction ingredients in
various portions of the phase space when the neutron is
almost a spectator. The data confirm the expectations of
a model which combines the dominant parts of the ampli-
tudes: the Faddeev three body wave function, final state
interactions using the dominant diffractive scalar part
of the NN scattering amplitude, and the MEC and ∆
formation amplitudes. Proton-proton rescattering domi-
nates the cross section around x = 1. MEC and ∆ for-
mation contributions are relatively small.
We compared the q-subtracted relative momentum dis-
tributions for kinematics with a low-momentum (specta-
tor) neutron in two configurations: (1) with both protons
emitted in the forward direction and (2) with one proton
emitted forward and the other backward. The full calcu-
lation and the data agree qualitatively at both kinematic
configurations. The calculation shows that for prel > 0.5
GeV/c, FSI are very small at the backward kinematics
but are dominant at the forward kinematics. Thus, the
cross section measured at backward kinematics is much
closer than that measured at forward kinematics to the
one-body calculation, and hence is much more sensitive
to the initial state momentum distribution.
This result indicates that short range correlations stud-
8ies using two-nucleon knockout experiments to measure
the NN relative momentum distribution should concen-
trate on kinematics at x < 1 where one of the nucleons
is emitted backward.
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